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Relative contributions to vergence 
eye movements of two binocular 
cues for motion-in-depth
Martin Giesel   ?ȗ, Alexandra Yakovleva ?, Marina Bloj   ?, Alex R. Wade   ?, Anthony M. Norcia   ?  
& Julie M. Harris  ?
When we track an object moving in depth, our eyes rotate in opposite directions. This type of 
“disjunctive” eye movement is called horizontal vergence. The sensory control signals for vergence 
arise from multiple visual cues, two of which, changing binocular disparity (CD) and inter-ocular 
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recorded vergence eye movements from ten observers in response to four types of stimuli that isolated 
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of behavioural motion-in-depth experiments. An analysis of the slopes of the vergence traces and the 
consistency of the directions of vergence and stimulus movements showed that under our conditions 
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phoria initiated by the absence of a disparity signal.
When following an object moving in depth, i.e., an object that moves towards us or away from us, our eyes 
rotate into opposite directions: if the object approaches, the eyes rotate inwards (convergence), if it recedes, they 
rotate outwards (divergence). Disjunctive eye movement, in which the eyes move by equal amounts in opposing 
directions, are referred to as vergence. here are diferent types of vergence eye movements that are triggered by 
diferent cues. hese cues include binocular disparity, blur, and the perceived nearness of objects, evoking dispar-
ity, accommodative, and proximal vergence, respectively. he two most important cues1 identiied from previous 
research are retinal binocular disparity2 and blur3,4. While vergence eye movements can occur as rotations around 
three axes – around the interocular axis (vertical vergence), the visual axis (cyclovergence), and an axis perpen-
dicular to the visual and the interocular axes (horizontal vergence)5 – when in the following we speak of vergence, 
we refer only to horizontal binocular disparity vergence. In general, horizontal vergence eye-movements serve to 
maintain the retinal images on corresponding locations on each eye to enable the ixation of objects on diferent 
depth planes (e.g.5). Horizontal vergence is quantiied by measuring the vergence angle between the eyes (see 
Fig. 1).
As mentioned above, vergence movements can be triggered by diferences between the retinal images in 
the let and right eye, i.e., by binocular disparities. Disparities are also a potent cue to the perception of depth. 
By monitoring how disparities change over time (changing disparity, or CD, cue), the visual system can derive 
information about motion-in-depth. Besides monocular cues, e.g., optic low and object size change, a second 
binocular cue — the inter-ocular velocity diference (IOVD) — has been suggested to support the perception of 
motion-in-depth6–8. While the CD mechanism irst computes the disparities between the retinal images in the let 
and right eye and then determines how those disparities change over time, the IOVD mechanism irst determines 
the velocities of the retinal images separately for the let and the right eye and then compares the two resulting 
monocular velocity vectors. While the two computations are mathematically equivalent2,8 and potentially provide 
similar information about movement in depth, their diferent orders require separate neural implementations. 
In real world motion, both types of binocular cues are usually available. Here, we refer to a motion stimulus that 
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carries both CD and IOVD information as the FULL cue stimulus. To selectively probe the efects of CD and 
IOVD cues, they have to be experimentally separated. his can be done by using random-dot stimuli9.
It has been demonstrated that CD information alone allows for the reliable perception of 
motion-in-depth6,8,10,11. Results for IOVD stimuli, however, have been more varied. Whereas some studies found 
no or only weak use of the IOVD cue6,12, others reported that it contributed to speed discrimination, motion 
ater-efects, adaptation, and the discrimination of the direction of motion-in-depth10,13–26.
ǦǦǤ Previous studies on vergence 
eye movements have used a wide variety of diferent types of stimuli, e.g., isolated light points, lines, gratings or 
random-dot stereograms. While it is well established that changing disparities trigger vergence eye movements2,27 
very few studies have investigated vergence eye movements using stimuli that isolate IOVD information28,29. 
To efectively isolate velocity information an IOVD stimulus must provide a consistent monocular motion sig-
nal, whilst not generating consistent changes in disparity. here are two methods typically used to construct 
stereoscopic stimuli that isolate IOVD information (see Methods), either the elements of the stereogram are 
anti-correlated (aIOVD) between the eyes, i.e., white elements in one eye are matched with black elements in 
the other, and vice versa, or the elements are spatially de- or un-correlated between the eyes (dIOVD), i.e., an 
element in one eye does not have a corresponding element in the other eye. he assumptions for using these 
methods are that in an aIOVD stimulus anti-correlation disrupts the computation of static disparities from paired 
elements30–32 whereas in a dIOVD stimulus disparities cannot be computed because there are no interocular pairs 
(aside from random pairings). Both methods of isolating IOVD information – as well as the method used to iso-
late CD information – have shortcomings and neither achieves complete isolation of the targeted cue7,24,33,34. In 
the case of CD isolating stimuli, there might be random temporal correlations24. For aIOVD it is not clear whether 
the disruption of the perception of static disparities also results in a disruption of motion-in-depth percep-
tion35–37, and in dIOVD stimuli random pairings between dots can potentially introduce a disparity signal7,38. By 
directly comparing the diferent types of cue-isolating stimuli with each other and with a stimulus that contains 
both types of information (FULL cue), it is, however, possible to estimate the contributions of the diferent cues.
Masson et al.28 measured vergence eye movements with short latencies for human and monkey observers in 
response to large correlated and anti-correlated random-dot stereograms making small disparity steps in depth. 
For dense random-dot stereograms (50% dot coverage), they found vergence eye movements in response to both 
types of stimuli, however, in contrast to the responses to correlated random-dot stereograms, those in response to 
anti-correlated random-dot stereograms were in the direction opposite to the direction signalled by the change 
in disparity, i.e., when stimulus motion was consistent with motion towards the observer, the eyes diverged and 
when the stimuli signalled motion away from the observer, they converged. Reducing the dot density to 7.5% dot 
coverage, resulted in a decrease of this tendency observed for the anti-correlated stimulus. he eyes irst went 
briely in the inconsistent direction, but then moved in the opposite, consistent direction.
Sheliga et al.29 studied vergence eye movements using a novel IOVD isolating stimulus consisting of sinusoidal 
gratings moving in depth. To remove interocular correlations, i.e., CD cues, the gratings were displaced in every 
second video frame by 90° in opposite directions in the two eyes so that the interocular phase diferences were 
either 0° or 180°. In response to these stimuli, they observed both horizontal and vertical vergence eye movements 
with short latencies whose directions were always consistent with the direction of the IOVD signal generated by 
the stimuli. hey also found similar vergence eye movement in response to another type of IOVD isolating stim-
ulus, uncorrelated one-dimensional white-noise stimuli.
Figure 1. Horizontal disparity vergence and vergence angle conventions used in this paper. Convergence (let) 
is represented by negative vergence angles and divergence (right) by positive vergence angles. Convergence and 
divergence refer to horizontal vergence eye movements, whereas towards and away refer to the corresponding 
stimulus movements triggering the eye movements.
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Both studies28,29 used small numbers of mostly experienced observers. Sheliga et al.29 tested only the IOVD 
condition, but to be able to gauge the contribution of the velocity mechanism to vergence eye movement, it is also 
important to determine how this potential contribution compares to the disparity input to vergence eye move-
ments and how the two cues are combined in the response to a stimulus that contains both velocity and disparity 
signals. We set out to systematically investigate the efects of CD and IOVD cues on vergence eye movements for 
a sample of participants that was substantially larger than those used in previous studies28,29 investigating this 
topic and using stimuli similar to those that have been previously employed in the investigation of the perception 
of motion-in-depth. Most importantly, we wanted to determine whether IOVD provides an input to vergence by 
measuring vergence for the two types of IOVD isolating random-dot stereograms (aIOVD and dIOVD) typically 
used in perceptual studies. If IOVD triggers vergence eye movements and both types of stimuli isolate the IOVD 
cue, then they should elicit vergence of similar strength. he usage of random-dot stimuli that contain both 
CD and IOVD cues (FULL cue stimulus) will allow us to describe how the two types of cues are combined with 
respect to vergence eye movements.
To further test the potential contributions of a velocity-based mechanism, we used motion with both ramp 
and step proiles. he rationale was that since the velocity of a step is undeined (ininite), the performance of 
a velocity-based mechanism should deteriorate for step motion compared to ramp motion which has a clearly 
deined constant velocity. For step motion of a random dot pattern, particularly for a large displacement, the 
motion signals are likely to be much noisier than for a ramp. For example, if a random-dot stereogram moves via 
a step proile, then, for larger dot density and step size, the direction of the resulting monocular motion signals 
becomes increasingly ambiguous resulting in matches between dots across frames whose motion direction does 
not necessarily relect the global motion direction of the stereogram (for an explanation see the Supplemental 
Information and Supplemental Fig. S12). he step stimulus, therefore, should favour a CD mechanism, over an 
IOVD mechanism.
Results
Raw vergence traces, for all observers, plotting vergence as a function of time are shown for the RAMP stimulus 
(Fig. 2) and for the STEP stimulus (Fig. 3). Each row shows data for a diferent stimulus condition. Note irst that, 
even for the FULL cue stimulus (top row), vergence is very diferent for diferent observers. For this condition, 
some observers’ vergence follows the expected pattern for a stimulus moving in depth. For example, for RAMP 
(Fig. 2), observers I, D and J produced high gain responses that closely follow the stimulus on many trials. Others 
(e.g., H and E) show high gain for one direction of motion in depth, low for the other, and there are a range of 
other responses across individuals. In general, vergence traces have higher gain for FULL and CD conditions and 
are rather poor for aIOVD and dIOVD conditions. For the STEP stimulus for the FULL condition, again, some 
observers (I, D, J again) show vergence eye movements that closely track the target (Fig. 3), while others do not. 
Vergence tends to more closely follow the stimulus for FULL and CD, and is poorer for aIOVD and dIOVD, but 
the pattern is less marked for STEPs than for RAMPs. Note that in the following igures, for ease of comparison, 
the order in which the observers (A–J) are presented is based on their idiosyncratic vergence biases (see below).
We next conducted detailed analyses to quantify the efects visible in the vergence data. he main analysis is 
based on the slopes of the vergence traces, as this measure can be used to quantify both RAMP and STEP data. 
Figure 2. Single trial vergences traces in response to RAMP motion for all conditions separately for each 
observer. he x-axis shows time in ms (starting from motion onset) and the y-axis shows vergence in degrees. 
he diferent stimulus conditions (FULL, CD, aIOVD, dIOVD) are shown in rows and observers in columns. 
Vergence traces in response to RAMP stimuli consistent with motion towards the observers are depicted in blue, 
and traces in response to RAMP stimuli consistent with motion away from the observers are in red. Bold black 
dashed lines indicate stimulus motion towards (negative vergence) and away (positive vergence), respectively.
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he slope of a vergence trace provides an estimate of the vergence velocity at a given time-point, and the sign of 
the slope indicates the direction of the eye movement (convergence or divergence). Here, we use the convention 
that negative slopes indicate convergence, and positive slopes indicate divergence (see Fig. 1). Based on the sign 
of the slope, we determined the consistency between the direction of the vergence eye movement and the direc-
tion of the stimulus movement. By convention, an approaching stimulus has a negative velocity and a receding 
stimulus a positive velocity. A consistent vergence eye movement is a movement that is in the direction expected 
for the stimulus movement, i.e., when the stimulus approaches, we expect the eyes to converge, when it recedes 
the eyes should diverge. In this case, the sign of the slope and the sign of the stimulus velocity are identical (see 
Methods for details). In addition to the slopes, we also computed the area under the vergence trace. he results of 
the analysis of vergence movements based on the area can be found in the Supplemental Information.
Figure 4 shows the proportion of consistent vergence responses (upper panel) and slope magnitudes and 
directions of vergence eye movements (lower panel) for each of 10 participants in response to a stimulus that 
moved continuously with a constant speed (RAMP). For FULL cue and CD stimuli, the vergence eye movements 
were almost always in the same direction as the stimulus motion (Fig. 4, top). For some observers this varied 
depending on the direction of the stimulus movement (observer H). he proportion of consistent slopes was 
reduced for aIOVD and dIOVD stimuli and exhibited a bias that varied between observers. For example, observ-
ers E, F, and G almost always diverged independent of whether the stimulus moved towards or away. Conversely, 
observer H showed a preference for convergence. he other observers exhibited milder forms of direction biases.
he average slopes for FULL cue stimuli (black triangles, lower panel, triangle orientation indicates conver-
gence – down-facing, or divergence – up-facing) and CD stimuli (green triangles, lower panel) were similar across 
observers and close to the stimulus velocity (+2°/s for divergence, −2°/s for convergence, red dashed lines in 
the lower panel). Vergence eye movements for IOVD stimuli (blue for aIOVD, orange for dIOVD) were clearly 
weaker than those for FULL and CD stimuli, but for most observers they were diferent from zero and the slopes 
for aIOVD and dIOVD were similar to each other.
Figure 5 shows single-observer results for STEP motion. here were very diferent patterns of results for 
RAMP (Fig. 4) and STEP motion. he most striking was for the proportion of consistent slopes (upper panel) 
for FULL cue (black bars) and – to a lesser degree – for CD stimuli (green bars). While for RAMPs, the slopes 
were consistent for the majority of FULL cue and CD stimuli for all observers (Fig. 4), for STEPs most observers 
(except for I, D, and J) showed far fewer consistent slopes for stimulus movement both away from the observer (A, 
B, C, H) or towards the observer (E, F, and to a lesser degree G). his demonstrates that STEP stimuli are therefore 
not consistently driving vergence for FULL cue and CD stimuli. Instead, observers seem to be biased to move 
their eyes in a direction not driven by the stimulus. We will explore the nature of this bias in the sections below.
he proportion of consistent slopes for IOVD stimuli (blue and orange bars) showed a bias similar to the one 
for RAMPs. For all observers, the bias that emerged for FULL cue and CD stimuli with STEP motion was consist-
ent with the bias found for IOVD stimuli for RAMP and STEP motion. For three observers (I, D, J), FULL and 
CD performance for STEPs did not difer from the performance for RAMPs. For those observers, the proportion 
of consistent slopes for aIOVD stimuli (blue bars) increased for STEPs compared to RAMPs.
In general, slope magnitudes for FULL cue (black) and CD (green) stimuli were higher for STEPs than for the 
RAMP stimulus, particularly for stimuli moving towards the observers. Slope magnitudes for IOVD stimuli (blue, 
Figure 3. Single trial vergences traces in response to STEP motion for all conditions separately for each 
observer. he x-axis shows time in ms (starting from motion onset) and the y-axis shows vergence in degrees. 
he diferent stimulus conditions (FULL, CD, aIOVD, dIOVD) are shown in rows and observers in columns. 
Vergence traces in response to STEP stimuli consistent with motion towards the observers are depicted in blue, 
and traces in response to STEP stimuli consistent with motion away from the observers are in red. Bold black 
dashed lines indicate stimulus motion towards (negative vergence) and away (positive vergence), respectively.
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orange) were similar to those for the RAMP stimulus. Given that there was a lot of variability in the slope data 
both within and between observers, using averaged data to make general statements seems of limited validity. 
So, as a next step, we therefore explored the probability density estimates of the slopes pooled over all individual 
traces for all observers (the open grey triangles in Figs. 4 and 5, see also Supplemental Table S1). Figures 6 and 
7 show the slope probability density estimates, the frequency of each slope estimated from the pooled data, for 
RAMPs and STEPs, respectively. Probability density estimates were computed using a Gaussian kernel.
For RAMP motion, the towards (solid lines) and away (dashed lines) distributions for FULL cue and CD were 
clearly separated and unimodal, suggesting a clear separation of vergence responses. he towards distribution was 
shited to negative slope values and the away distribution to positive slope values. he overlap between distribu-
tions represents slopes that were inconsistent with the stimulus. he overlap for FULL cue and CD was small indi-
cating that most vergence eye movements in these conditions were consistent with the stimulus motion. However, 
for both types of IOVD stimuli, the distributions were centred on zero and tended to be bimodal, and the towards 
and away distributions almost completely overlapped. his indicates that the direction of the vergence eye move-
ments in response to IOVD stimuli was largely independent of the direction of the stimulus movement.
For STEP motion (Fig. 7), the distributions for FULL cue and CD were more spread out and had a larger 
overlap than for RAMP motion. his indicates an increased number of inconsistent vergence movements for the 
STEP condition. While the slope distribution for dIOVD is similar to the corresponding distribution for RAMP 
motion, for aIOVD stimuli the overlap between towards and away distributions was slightly reduced indicating 
a small increase in consistency.
he overlapping slope distributions for IOVD stimuli could indicate that observers’ vergence eye movements 
in response to IOVD stimuli were random, however, the individual observers’ data reveal that most observers 
were biased either towards convergence or divergence. To analyse the individual observers’ convergence or diver-
gence biases, we computed for each observer a direction bias (Fig. 8) as (Paway − Ptowards)/(Paway + Ptowards) where 
P represents the proportions of consistent slope directions for towards and away stimulus movements separately 
for RAMP and STEP motion.
For RAMP motion (top), vergence direction biases largely occurred only for IOVD stimuli (blue, orange). 
Roughly, there were two groups of observers, one with a convergence (A, B, H, I) and the other with a divergence 
bias (D, J, E, F, G). For STEP motion (bottom), direction biases also occurred for FULL cue and CD stimuli for six 
Figure 4. Proportion of consistent vergence slopes (top), slope magnitudes and directions (bottom) for the 
RAMP condition for each observer, type of motion-in-depth stimulus and motion direction. he x-axis shows 
the diferent observers. he symbol/bar colours indicate the stimulus type (black: FULL; green: CD; blue: 
aIOVD; orange: dIOVD). (Bottom) he y-axis shows the slope of the vergence traces in °/s. Negative slopes 
indicate convergence, positive slopes divergence. Open grey symbols show slopes of single trials, and illed 
coloured symbols represent the average over the trials. Upward pointing triangles indicate stimulus motion 
away and downward triangles stimulus motion towards. he dashed red lines indicate the slope of the RAMP 
stimulus (±2°/s). (Top) he y-axis shows the proportion of consistent slope directions. Bars with a solid edge 
represent stimulus motion towards, and bars with a dashed edge represent stimulus motion away.
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out of ten observers. he direction of the bias for IOVD stimuli was consistent for RAMP and STEP motion for all 
observers except for observer C. If a bias for FULL and CD stimuli occurred for STEP motion, its direction was 
the same as the direction of the bias for IOVD stimuli. Four observers (I, D, J, G) remained unbiased for FULL cue 
and CD stimuli. Of those, observers I, D, and J also hardly showed any bias for aIOVD stimuli both for RAMPs 
and STEPs.
In Fig. 9 the direction bias is plotted in a way that emphasises the changes in the bias depending on the type of 
stimulus motion. Each panel shows data for one motion type. On each, lines connect data points for the RAMP 
and STEP conditions for each observer. While for FULL cue and CD stimuli (two let columns) biases for RAMP 
motion were small, the biases increased sharply for FULL cue and moderately for CD stimuli for STEP motion. 
In contrast, for IOVD stimuli (right two columns) the biases were already large for most observers for RAMP 
motion and there was no consistent increase or decrease for STEP motion.
Discussion
We investigated vergence eye movements using stimuli that isolated or combined two diferent binocular cues to 
motion-in-depth. Our goal was to determine the extent to which IOVD cues drive the vergence system, under 
stimulus conditions that are typical of vision experiments investigating the perception of motion-in-depth using 
these kinds of stimuli. We used stimuli that had a ramp motion proile and stimuli with a step motion proile with 
the aim of potentially isolating a velocity-based mechanism. For RAMP motion, we found that stimuli containing 
disparity information (FULL, CD) reliably elicited vergence eye movements. hese eye movements were largely 
similar both in terms of the magnitude and consistency for almost all observers. For stimuli that were designed 
to contain only velocity information (aIOVD, dIOVD), vergence eye movements were weaker and, more impor-
tantly, independent of the direction of the stimulus motion. Most observers exhibited a convergence or diver-
gence bias for either one of the two types of IOVD stimuli or for both. hese results for RAMP motion strongly 
suggest that only the CD cue, not the IOVD cue, triggers vergence eye movements that are consistent with the 
stimulus motion under the conditions we used.
he indings for step motion corroborated these conclusions regarding the IOVD stimuli. If the IOVD cue 
contributed to vergence eye movements, performance for aIOVD and dIOVD should have deteriorated in the 
STEP condition because the step motion stimulus does not contain a reliable velocity signal. We found that the 
Figure 5. Proportion of consistent vergence slopes (top), slope magnitudes and directions (bottom) for the 
STEP condition separately for each observer, type of motion-in-depth stimulus and motion direction. he 
x-axis shows the diferent observers. he symbol/bar colours indicate the stimulus type (Black: FULL; green: 
CD; blue: aIOVD; orange: dIOVD). (Bottom) he y-axis shows the slope of the vergence traces in °/s. Negative 
slopes indicate convergence, positive slopes divergence. Open grey symbols show slopes of single trials, and 
illed coloured symbols represent the average over the single trial slopes. Upward pointing triangles indicate 
stimulus motion away and downward triangles stimulus motion towards. (Top) he y-axis shows the proportion 
of consistent slope directions. Bars with a solid edge represent stimulus motion towards, and bars with a dashed 
edge represent results for stimulus motion away.
7SCIENTIFIC REPORTS |         (2019) 9:17412  | ǣȀȀǤȀ ? ?Ǥ ? ? ? ?Ȁ ? ? ? ? ?Ǧ ? ? ?Ǧ ? ? ? ? ?Ǧ
www.nature.com/scientificreportswww.nature.com/scientificreports/
changes in performance for IOVD stimuli were not consistent with this prediction. For IOVD stimuli, perfor-
mance was similar for STEPs and RAMPs. here was no consistent decrease in magnitude or consistency for 
IOVD stimuli for STEP motion. his is particularly true for the dIOVD stimulus. For the aIOVD stimulus, an 
increase in the consistency of the vergence eye movements was found especially for observers I, D, and J. his 
indicates that dIOVD and aIOVD might difer in the efectiveness with which they isolate the IOVD mechanism 
(see below). Overall, the indings for the IOVD stimuli suggest that the IOVD cue itself did not trigger vergence 
eye movements in our experiments. We speculate that the eye movements observed in response to the presenta-
tion of IOVD stimuli were the result of a phoria being initiated by the absence of a fusable stimulus (by their 
design IOVD stimuli do not have elements that can be fused between the two eye views)39. Some of the observers 
exhibited an esophoria (convergence bias) and others an exophoria (divergence bias). Except for one observer 
(C), the direction of the bias was consistent across cue and motion types.
Our analysis of vergence eye movements focused on the slope and direction (con-/divergence) of the eye 
movements because the computations for these two parameters are straightforward and relatively robust when 
applied automatically to single vergence traces. Nevertheless, for vergence traces that show non-monotonic 
behaviour in their early stages, i.e., mostly those in response to IOVD stimuli, the automatic computation of the 
slope might occasionally fail. As a control, we, therefore, also computed the area under the vergence trace which 
is less susceptible to these early changes in the direction of the eye movement since it was based on the integra-
tion over the complete vergence trace (2 s duration) and is dominated by the later components of the vergence 
movement. Supplemental Figs. S5–S10 (corresponding to Figs. 4–9) show the results based on the area under the 
vergence trace. Both measures lead to very similar conclusions. One advantage using the area under the trace is 
that in our case the RAMP and the STEP stimuli had the same area allowing a direct comparison of the vergence 
traces for RAMPs and STEPs. Supplemental Figs. S5 and S6 show that vergence traces for RAMPs and STEPs have 
similar areas under the vergence traces.
Qualitatively analysing the shapes of the vergence traces provides further corroborating evidence against a 
role of IOVD in triggering vergence eye movements. Supplemental Figs. S4 and S11 show the averaged trajec-
tories for each observer. In Fig. S4 the criterion for the identiication of in-/consistent trajectories was based on 
the sign of the slope whereas the classiication in Fig. S11 was based on the sign of the area under the trajectory. 
Vergence traces for RAMPs and STEPs have distinctly diferent shapes40 which can be clearly seen for FULL cue 
and CD stimuli for consistent vergence traces (Supplemental Figs. S4/S11, irst and second rows, irst and last col-
umns). For inconsistent vergence traces the shapes were less distinct (irst and second rows, middle two columns). 
For the IOVD stimuli (third and fourth rows), with only a few exceptions for aIOVD, there were hardly any difer-
ences in the shapes of consistent and inconsistent vergence traces for RAMP or STEP stimuli. hus, the vergence 
movements in response to the presentation of IOVD stimuli seem less likely to be stimulus speciic. he similarity 
of the traces is consistent with the suggestion that they are merely a reaction to the absence of a fusable stimulus.
Figure 6. Slope probability density estimates for RAMP motion stimuli. he x-axis shows the slope in °/s, and 
the y-axis the probability density. he slopes from all observers and trials have been pooled. Negative slopes 
represent convergence, positive slopes divergence. Distributions with a solid outline represent stimulus motion 
towards, and distributions with a dashed outline represent stimulus motion away. he total number of slopes 
difered between conditions.
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For FULL cue and CD stimuli, the STEP stimulus consistently failed to drive vergence, particularly for some 
observers. Inconsistencies between the direction of random-dot stereograms moving in depth and vergence eye 
movements have been reported previously. Busettini et al.39 found that for large correlated random-dot stere-
ograms vergence movements were always in the expected direction for small disparity steps (<2°—3°) but for 
Figure 7. Slope probability density estimates for STEP motion stimuli. he x-axis shows the slope in °/s, and 
the y-axis the probability density. he slopes from all observers and trials have been pooled. Negative slopes 
represent convergence, positive slopes divergence. Distributions with a solid outline represent stimulus motion 
towards, and distributions with a dashed outline represent stimulus motion away. he total number of slopes 
difered between conditions.
Figure 8. Direction bias for RAMP (top) and STEP (bottom) motion. he x-axis shows the observers, and the 
y-axis the direction bias. A negative bias indicates a preference for convergence, and a positive bias indicates a 
preference for divergence. Diferent bar colours represent the diferent types of motion-in-depth stimuli (Black: 
FULL; green: CD; blue: aIOVD; orange: dIOVD). See text for how the bias was computed.
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larger disparity steps (12.8°) eye movements became independent of the direction of the disparity steps with 
participants exhibiting preferred directions. hey compared these preferred directions with the directions of the 
participants’ steady-state phorias and found that the preferred directions in response to large disparity steps were 
oten not consistent with the participants’ phorias. hey attributed these inconsistent vergence movements to the 
observers making “globally ‘false’ matches” between the random-dot stereograms. While it is indeed possible that 
such false matches between the dots in the two eyes could explain the increase in inconsistent vergence move-
ments for FULL cue and CD stimuli in the STEP condition, the consistency found in our data in the direction of 
the ‘false’ vergence movements for each observer across diferent types of stimuli and movement types seems to 
make this a less likely explanation. For the IOVD stimuli, inconsistent vergence eye movements already occurred 
for RAMP motion – for which globally false matches are less likely to occur – and the preferred directions of the 
inconsistent movements did not change between RAMPs and STEPs. Where inconsistent vergence movements 
occurred for FULL cue and CD stimuli, their preferred directions were for most observers consistent with those 
for the IOVD stimuli. Additionally, the above-mentioned diferences in the shapes of consistent and inconsistent 
traces (Supplemental Fig. S4) also speak against a strong inluence of globally false matches, since in that case the 
vergence movements would have been in directions opposite to the global motion but still should have exhibited 
the characteristics of vergence traces in response to step and ramp motion, respectively, but this was largely not 
the case.
One explanation for the surprising inding that some observers (I, D, and J) were largely unbiased for aIOVD 
stimuli in contrast to dIOVD stimuli and that their performance for aIOVD improved for STEPs compared to 
RAMPs, could be that these observers might have been able to use the disparity signal that is present in aIOVD 
stimuli. his has been suggested in the perceptual domain as an explanation for the similar motion-in-depth dis-
crimination performances found for aIOVD and FULL cue stimuli17,41. While the perception of motion-in-depth 
is based on relative disparity, vergence is driven by absolute disparity42,43. Absolute disparity is encoded by neu-
rons in V144 and it has been shown that in V1 neurons sensitive to disparity respond to anti-correlated signals35–37 
with an inverted tuning curve. Consistent with this, Masson et al.28 reported that for jumps in disparity, large 
anti-correlated random-dot stereograms elicited vergence eye movements in the direction opposite to the stim-
ulus movement. We did not ind a systematic inversion of the direction of vergence eye movements for aIOVD 
stimuli, but the diferences between aIOVD and dIOVD stimuli, found for some observers, suggest that the 
aIOVD stimuli might be less efective in isolating the velocity signal than the dIOVD stimulus and might contain 
a consistent disparity signal which can be accessed by the vergence system.
To test whether the diferent types of random-dot stereograms generated consistent motion direction signals, 
observers F and J participated in a perceptual control experiment in which they were presented with the same 
types of random-dot stereograms (FULL cue, CD, aIOVD, dIOVD) and motion types (RAMP and STEP) as 
used in the main experiment in the same setup but moving laterally (letwards or rightwards) instead of moving 
in depth. he observers had to indicate in which direction the stereograms moved. No eye movements were 
recorded. he results are shown in Supplemental Fig. S12. Unsurprisingly, both observers performed at chance 
for CD stimuli which by design should not contain a consistent monocular motion signal. For RAMPs, observer J 
Figure 9. Direction bias for RAMP and STEP motion. he x-axis shows the motion type (RAMP and STEP) 
separately for each stimulus type in separate columns (Black: FULL; green: CD; blue: aIOVD; orange: dIOVD). 
he y-axis shows the direction bias. A negative bias indicates a preference for convergence, and a positive bias 
indicates a preference for divergence. Individual lines represent diferent observers identiied by the symbols at 
the endpoints of the lines. See text for how the bias was computed.
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almost always and observer F mostly identiied the direction of lateral motion correctly for FULL cue, aIOVD and 
dIOVD random-dot stereograms. For STEPs, however, both observers performed near chance level for all stimuli. 
his supports the assumption that step motion does not provide a reliable monocular motion signal. So, both 
observer J’s accurate perceptual performance (see below) and their largely consistent vergence eye movements 
for FULL cue and aIOVD stimuli moving in depth – even in the STEP conditions – probably relied on a disparity 
signal to which observer J might be especially sensitive.
Results from perceptual studies indicate that the sensitivity of the CD mechanism is highest for slow speeds 
whereas the IOVD mechanism is more sensitive to higher speeds17,24,45. he change from RAMP to STEP motion, 
therefore, might have had a deteriorating efect on the disparity cue as well, and this could explain the decrease in 
consistency found for CD stimuli for most observers in the STEP condition. he similarity of the magnitudes and 
consistencies of CD and FULL cue stimuli in the RAMP condition suggests that vergence for the FULL cue stimu-
lus was dominated by the disparity cue. With respect to the consistency, the FULL cue stimulus was more efected 
by the change to step motion than the CD stimulus and became more similar to the IOVD stimuli. his might 
point to an adverse efect of the velocity signal in the FULL cue stimulus once the disparity stimulus becomes 
less reliable. he increase in consistency for aIOVD stimuli from the RAMP to the STEP condition observed for 
observers D, I, and J, however, cannot be straightforwardly explained.
Sheliga et al.29 observed short-latency vergence (≈80–90 ms) in response to IOVD stimuli. We did not system-
atically analyse the latencies of our vergence traces but based on visual inspection they were considerably longer 
(≈250–300 ms for FULL cue and CD stimuli) and closer to latencies found in a range of other previous studies 
investigating vergence eye movements with diferent types of stimuli (e.g.2,46–49). For IOVD stimuli, vergence 
movements oten started as soon as the ixation marker was removed.
Most importantly, Sheliga et al.29 reported that the vergence eye movements in response to their IOVD stimuli 
were always in the direction signalled by the IOVD cue. his is inconsistent with our results. he most obvious 
diference between their study and our study are the diferent types of stimuli that were used. Sheliga et al. tested 
vergence eye movement in response to their novel grating stimulus and to a one-dimensional noise stimulus 
which they do not describe in detail but mention that it was similar to the type of stimuli used by, e.g., Shioiri et 
al.25. Broadly, these stimuli consist of horizontal bands of noise and uniform bands alternating in counterphase 
in the two eyes so that a band of noise in one eye is always paired with a uniform band in the other eye and vice 
versa. It has been pointed out that stimuli of this kind could potentially create disparity signals along the bound-
aries of the bands50,51. It could be speculated that similar signals could arise from the novel grating stimulus used 
by Sheliga et al., but their stimuli were not described in enough detail in their paper to be sure of this.
Sheliga et al. noted that in IOVD isolating random-dot stereograms random local matches between dots 
in the two eyes can potentially occur that then might generate a disparity signal in the same direction as the 
IOVD signal. While it is indeed possible that there could have been spurious local matches between dots in our 
dIOVD stimulus, they certainly did not result in vergence consistent with the stimulus movement, but even if 
these matches created a random disparity signal, it would be diicult to explain how this signal could account for 
inter-individually diferent but intra-individually consistent vergence biases across stimulus and motion types.
We also asked participants to indicate in each trial by keypress whether they perceived the random-dot 
stereogram as moving toward or away from them. he analysis of the perceptual responses shows that over-
all observers — with the notable exception of observer J — were not good at discriminating the direction of 
motion-in-depth for any of the stimuli (Supplemental Figs. S13 and S14). Since our stimulus did not contain a 
stationary reference (apart from the frame of the monitor) that could have been used to compute relative dis-
parities, on which the perception of motion-in-depth relies, the weak discrimination performance might not be 
surprising42. he correlation between vergence consistency and proportion of correct discrimination of the direc-
tion of motion-in-depth, was low (Supplemental Figs. S15 and S16). hese indings are consistent with previous 
studies that have found no consistent relationship between vergence eye movements and the discrimination of 
the direction of motion-in-depth52,53.
Conclusions
We found that random-dot stereograms that provide only velocity information (IOVD) do not trigger consistent 
vergence eye movements. he presentation of IOVD isolating stimuli resulted in eye movements that were weak 
and largely not indicative of the direction of the stimulus movement and likely represented a phoria resulting 
from the absence of a fusable stimulus.
Methods
Stimuli and set-up. Random-dot stereograms were used in order to eliminate changing size cues and other 
monocular depth cues such as diferential blur that are associated with movement in depth. Random-dot stere-
ograms also facilitated the isolation of the CD and IOVD cues9. he random-stereograms were presented on a 
LG OLED TV (55EF950V-ZA) monitor (123 × 72 cm, 1920 × 1080 pixel, 60 Hz). Stereoscopic presentation was 
achieved by using the line-interleaved top-down stereo-mode. Observers wore polarized glasses and the experi-
ment was carried out in a darkened room.
he stereograms were comprised of black (≈0.5 cd/m2) and white dots (≈158 cd/m2) with anti-aliased edges, 
presented on a mid-grey background (≈75 cd/m2) covering a 36° diameter portion of the display. We created 
four diferent types of random-dot stereograms that combine or isolate the two binocular cues: FULL cue, CD, 
aIOVD, and dIOVD. FULL cue refers to the condition in which CD and IOVD information were both present. 
In the CD random-dot stereograms, correlated dots in the let and right eye were randomly repositioned every 3 
video frames, thus update was at 20 Hz. he aIOVD (anti-correlated IOVD) and dIOVD (de-correlated or uncor-
related IOVD) conditions were used to isolate IOVD information as they are supposed to preclude calculation of 
the CD cue. See Supplemental Fig. S1 and additional descriptions in the Supplemental Information for detailed 
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information about the generation of the random-dot stereograms. he random-dot stereograms were viewed 
from a distance of 95 cm. he individual dots had a diameter of 0.25°. here were ≈1323 dots in each monocular 
ield, resulting in a dot coverage of 6% in each monocular ield.
Each type of random-dot stereogram was tested in two image displacement conditions commonly use to elicit 
vergence eye movements: RAMP and STEP (see Fig. 10). In the RAMP condition, the random-dot stereograms 
moved continuously with a monocular speed of 1°/s for 2 s either towards or away from the observer. In the STEP 
condition, the stimulus made an instantaneous step of 1° (monocular) either towards or away from the observer 
and remained at that position until the end of the trial ater 2 s. For FULL cue, CD, and aIOVD stimuli, the move-
ment started at 0° disparity. For dIOVD stimuli, disparity is undeined.
Each trial started with a period of 500 ms (prelude) in which a version of the random-dot stereogram that did 
not move in depth was shown, i.e., for FULL, aIOVD, and dIOVD the random-dot stereograms were static, while 
for CD stimuli correlated dot pairs were randomly repositioned at the rate of 20 Hz without changing disparity. 
During the prelude FULL cue, CD, and aIOVD stimuli remained at zero disparity. During this period, vertical 
nonius lines were presented in the centre of the random-dot stereograms. hey had a height of 3° and a width of 
0.25° and were positioned 0.5° above and below the centre of the screen. Once the stimulus started to move, the 
nonius lines disappeared.
Eye movements were tracked using a head-mounted SR Research Eyelink® II eye tracker (250 Hz, binocular 
tracking of corneal relection). he experiment was programmed and run using MATLAB54 together with the 
Psychophysics Toolbox55–57 and the Eyelink Toolbox58.
Procedure. In the irst session, the observers’ stereo vision was tested with the TNO test (pass-fail criterion 
120″ of retinal disparity). he observers were instructed that they would see black and white moving dots and that 
their task would be to decide whether the dots moved towards or away from them by pressing one of two keys on 
a keyboard. Ater this instruction, the observers were given the opportunity to familiarize themselves with the 
experiment by running a few test trials without the eye tracker. hen the eye tracker was placed on the observer’s 
head, the cameras were adjusted, and the calibration and validation procedures were run. If necessary, the pro-
cedure was repeated until a valid calibration could be obtained. To reduce head movements, the observers’ head 
position was stabilized using a chin rest.
Each trial started with a uniformly grey screen with a white ixation cross in the centre of the screen which 
the observers were instructed to ixate. he observers initiated the stimulus presentation by pressing a key on 
a keyboard once they were ready. Subsequently the prelude version of the stimulus was shown for 500 ms. he 
observers were instructed to maintain ixation in the centre between the nonius lines and to try to align the lines. 
Ater 500 ms, the nonius lines disappeared and concurrently the stimulus started to move either towards or away 
from the observer. Ater the end of the motion, a uniformly grey screen with a message asking the observers to 
respond either’towards’ or’away’ was displayed. he observers were asked to try not to blink during the stimulus 
presentation.
Figure 10. Schematic representation of STEP and RAMP stimulus trajectories (towards), vergence trace 
(convergence) and data analysis. he x-axis shows the time in milliseconds, the y-axis the vergence angle 
in degrees. Each trial started with a prelude of 500 ms during which the stimulus did not move in depth. 
he RAMP stimulus moved continuously for 2 s with a monocular speed of 1°/s. he STEP stimulus made 
a monocular step of 1°. For data analysis, we calculated the vergence slope thus: the midpoint between the 
minimum and maximum vergence values within the irst 750 ms of the vergence trace (vertical dashed red lines) 
was determined, and a straight line with a length of 100 ms was it through this point to the vergence trace. 
he dashed black curve represents a measured vergence trace, and the continuous black curve shows the same 
vergence trace ater subtraction of the vergence ofset at the end of the prelude and setting the prelude vergence 
to zero.
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he four diferent types of motion-in-depth stimuli (FULL, CD, aIOVD, dIOVD) and the two motion direc-
tions (towards, away) were pseudo-randomly interleaved in each experiment. he diferent motion conditions 
(RAMP, STEP) were tested in separate experiments. In general, observers did one STEP and one RAMP exper-
iment per session. In some cases, diiculties in tracking the observers’ eyes allowed only one experiment per 
session to be completed. he order of STEP and RAMP experiments was pseudo-randomized for each observer. 
Each experiment consisted of 20 trials for each of the four types of motion-in-depth stimuli and two motion 
directions resulting in 160 trials per experiment. A single experiment took between 15 and 20 minutes, and the 
duration of one experimental session was approximately one hour. Before each experiment the calibration and 
validation procedure of the eye tracker was run. At no point during the experiment did the observers receive any 
kind of feedback.
Observers participated in at least four sessions. Depending on the number of rejected trials, STEP and/or 
RAMP experiments were added as needed to reach a minimum of 40 usable trials per condition. Observers par-
ticipated maximally for eight sessions. Observers who ater eight sessions did not have at least 40 usable trials for 
each condition were excluded from the data analysis.
Observers. We aimed to test 20 observers. Of those, 10 observers did not complete the experiment for var-
ious reasons, e.g., no-shows, eyes not consistently trackable. For four of these 10 excluded observers, no or only 
incomplete data sets could be recorded. For six other observers at least 40 trials per condition could be recorded, 
but, in the end, they had too many rejected trials (for some or all conditions) so that they were excluded from 
the data analysis. Ten observers (seven females) were included in the data analysis. hey had varying numbers 
of completed and usable trials (≥40 trials for each condition). Supplemental Figs. S2 and S3 show the number 
of completed and usable trials for each observer and condition. Except for observer F, who is one of the authors, 
all observers were volunteers and naive to the purpose of the experiment. Observer J had previously participated 
in several experiments investigating the perception of motion-in-depth. Some of the other observers may have 
had prior experience with psychophysical experiments investigating motion and depth perception. hey were 
compensated at £5/hour for their time. All observers had normal or corrected to normal vision and passed the 
TNO test. he experimental procedures used were in accordance with the declaration of Helsinki and approved 
by the University of St. Andrews University Teaching and Research Ethics Committee (Ethics code: PS11472). All 
observers gave written informed consent.
Eye movement analysis. Post-processing and data analysis were done in MATLAB54. First, blinks as 
detected by the eye tracker’s blink detector and all measurements lagged as’low quality’ by the eye tracker sot-
ware were identiied in each trial. If the number of those events was less than 15% of the number of data points 
in a trial, they were interpolated otherwise the whole trial was rejected. In the next step, horizontal vergence was 
computed from the eye position data as the diference between the let and right horizontal eye position. his 
resulted in convergence being represented by negative and divergence by positive vergence values (see Fig. 1). he 
resulting vergence trace was smoothed using a moving average ilter with a span of 50 ms. To account for random 
vergence luctuations during the prelude, the vergence position at the end of the prelude was subtracted from all 
subsequent vergence values so that each vergence trace started at 0° vergence. To identify vergence traces with 
extremely large vergence values, for example because of saccades, we looked at all trials collected for a speciic 
condition, separately for each observer. At each time point of the vergence traces, the distribution of vergence 
values was determined. Traces that contained values outside of approximately ±2.7 SD at any time point were 
discarded.
Analysis of vergence. he analysis of the vergence eye movements was based on each observers’ single 
trials. To determine the vergence velocity and the direction of the vergence eye movements (con- or divergence), 
we irst identiied the point on the vergence trace halfway between the minimum and maximum vergence values 
of the vergence trace in the interval from stimulus onset to onset +750 ms (see Fig. 10). hen we it a line with a 
length of 100 ms through this point to the vergence trace. he slope of this line provided an estimate of the ver-
gence velocity at this point.
For the RAMP motion stimulus, the slope of the stimulus was 2°/s. For the STEP stimulus, the slope is, by 
deinition, undeined (Ininity). he sign of the slope indicates the direction of the vergence eye movement (pos-
itive: divergence, negative: convergence). Based on this analysis, we recorded the proportion of vergence eye 
movements whose direction coincided with the direction of the stimulus movement (towards/away). We refer 
to vergence eye movements that were in the direction expected by the stimulus movement, i.e., convergence 
for approaching and divergence for receding stimuli, as consistent vergence movements, and to their relative 
frequency as proportion consistent. As an alternative measure for analysing the vergence eye movements, we 
used the area under the vergence trace. he area was computed over the entire length of the vergence trace (2 s) 
by using trapezoidal numerical integration. his integral over position/displacement data is also known as “abse-
ment” and is a measure of sustained displacement from an initial position. he absement for the stimulus move-
ments was the same for RAMP and STEP stimulus motion (4 deg · s) allowing a direct comparison of the vergence 
magnitudes for RAMPs and STEPs. Both methods resulted in a similar pattern of results.
Data availability
he data are available online from the Open Science Framework (https://osf.io/9up4e/).
Received: 20 June 2019; Accepted: 6 November 2019;
Published: xx xx xxxx
13SCIENTIFIC REPORTS |         (2019) 9:17412  | ǣȀȀǤȀ ? ?Ǥ ? ? ? ?Ȁ ? ? ? ? ?Ǧ ? ? ?Ǧ ? ? ? ? ?Ǧ
www.nature.com/scientificreportswww.nature.com/scientificreports/
References
 1. Stark, L., Kenyon, R. V., Krishnan, V. V. & Ciufreda, K. J. Disparity vergence: a proposed name for a dominant component of 
binocular vergence eye movements. Am. J. Optom. Physiol. Opt. 57, 606–609 (1980).
 2. Rashbass, C. & Westheimer, G. Disjunctive eye movements. he J. Physiol. 159, 339–360 (1961).
 3. Hung, G. K. & Semmlow, J. L. Static behavior of accommodation and vergence: computer simulation of an interactive dual-feedback 
system. IEEE Transactions on Biomed. Eng. 439–447 (1980).
 4. Maddox, E. E. Investigations in the relation between convergence and accommodation of the eyes. J. Anat. Physiol. 20, 475–508 
(1886).
 5. Howard, I. P. & Rogers, B. J. Seeing in Depth (Oxford Scholarship Online: May 2009, 2008).
 6. Cumming, B. G. & Parker, A. J. Binocular mechanisms for detecting motion-in-depth. Vis. Res. 34, 483–495 (1994).
 7. Harris, J. M., Nefs, H. T. & Grafton, C. E. Binocular vision and motion-in-depth. Spatial Vis. 21, 531–547, https://doi.
org/10.1163/156856808786451462 (2008).
 8. Regan, D. Binocular correlates of the direction of motion in depth. Vis. Res. 33, 2359–2360 (1993).
 9. Julesz, B. Foundations of cyclopean perception (University of Chicago Press, Chicago, IL, 1971).
 10. Harris, J. M. & Watamaniuk, S. N. Speed discrimination of motion-in-depth using binocular cues. Vis. Res. 35, 885–896 (1995).
 11. Portfors-Yeomans, C. V. & Regan, D. Discrimination of the direction and speed of motion in depth of a monocularly visible target 
from binocular information alone. J. Exp. Psychol. Hum. Percept. Perform. 23, 227–243 (1997).
 12. Nefs, H. T., O’Hare, L. & Harris, J. M. Two independent mechanisms for motion-in-depth perception: evidence from individual 
diferences. Front. Psychol. 1, 155, https://doi.org/10.3389/fpsyg.2010.00155 (2010).
 13. Brooks, K. R. Interocular velocity difference contributes to stereomotion speed perception. J. Vis. 2, 218–231, https://doi.
org/10.1167/2.3.2 (2002).
 14. Brooks, K. R. Monocular motion adaptation afects the perceived trajectory of stereomotion. J. Exp. Psychol. Hum. Percept. Perform. 
28, 1470–1482 (2002).
 15. Brooks, K. R. & Mather, G. Perceived speed of motion in depth is reduced in the periphery. Vis. Res. 40, 3507–3516 (2000).
 16. Brooks, K. R. & Stone, L. S. Spatial scale of stereomotion speed processing. J. Vis. 6, 1257–1266, https://doi.org/10.1167/6.11.9 
(2006).
 17. Czuba, T. B., Rokers, B., Huk, A. C. & Cormack, L. K. Speed and eccentricity tuning reveal a central role for the velocity-based cue 
to 3D visual motion. J. Neurophysiol. 104, 2886–2899, https://doi.org/10.1152/jn.00585.2009 (2010).
 18. Fernandez, J. M. & Farell, B. Seeing motion in depth using inter-ocular velocity diferences. Vis. Res. 45, 2786–2798, https://doi.
org/10.1016/j.visres.2005.05.021 (2005).
 19. Fernandez, J. M. & Farell, B. Motion in depth from interocular velocity diferences revealed by diferential motion aterefect. Vis. 
Res. 46, 1307–1317, https://doi.org/10.1016/j.visres.2005.10.025 (2006).
 20. Rokers, B., Cormack, L. K. & Huk, A. C. Strong percepts of motion through depth without strong percepts of position in depth. J. 
Vis. 8, 6.1–610, https://doi.org/10.1167/8.4.6 (2008).
 21. Rokers, B., Czuba, T. B., Cormack, L. K. & Huk, A. C. Motion processing with two eyes in three dimensions. J. Vis. 11, https://doi.
org/10.1167/11.2.10 (2011).
 22. Sakano, Y., Allison, R. S. & Howard, I. P. Motion aftereffect in depth based on binocular information. J. Vis. 12, https://doi.
org/10.1167/12.1.11 (2012).
 23. Shioiri, S., Kakehi, D., Tashiro, T. & Yaguchi, H. Integration of monocular motion signals and the analysis of interocular velocity 
diferences for the perception of motion-in-depth. J. Vis. 9, 10.1–1017, https://doi.org/10.1167/9.13.10 (2009).
 24. Shioiri, S., Nakajima, T., Kakehi, D. & Yaguchi, H. Diferences in temporal frequency tuning between the two binocular mechanisms 
for seeing motion in depth. J. Opt. Soc. Am. A, Opt. Image Sci. Vis. 25, 1574–1585 (2008).
 25. Shioiri, S., Saisho, H. & Yaguchi, H. Motion in depth based on inter-ocular velocity diferences. Vis. Res. 40, 2565–2572 (2000).
 26. Shioiri, S., Yoshizawa, M., Ogiya, M., Matsumiya, K. & Yaguchi, H. Low-level motion analysis of color and luminance for perception 
of 2D and 3D motion. J. Vis. 12, https://doi.org/10.1167/12.6.33. (2012).
 27. Stevenson, S. B., Cormack, L. K. & Schor, C. M. he efect of stimulus contrast and interocular correlation on disparity vergence. Vis. 
Res. 34, 383–396 (1994).
 28. Masson, G. S., Busettini, C. & Miles, F. A. Vergence eye movements in response to binocular disparity without depth perception. Nat. 
389, 283–286, https://doi.org/10.1038/38496 (1997).
 29. Sheliga, B. M., Quaia, C., FitzGibbon, E. J. & Cumming, B. G. Human short-latency ocular vergence responses produced by 
interocular velocity diferences. J. Vis. 16, 11, https://doi.org/10.1167/16.10.11 (2016).
 30. Cogan, A. I., Kontsevich, L. L., Lomakin, A. J., Halpern, D. L. & Blake, R. Binocular disparity processing with opposite-contrast 
stimuli. Percept. 24, 33–47, https://doi.org/10.1068/p240033 (1995).
 31. Cogan, A. I., Lomakin, A. J. & Rossi, A. F. Depth in anticorrelated stereograms: efects of spatial density and interocular delay. Vis. 
Res. 33, 1959–1975 (1993).
 32. Cumming, B. G., Shapiro, S. E. & Parker, A. J. Disparity detection in anticorrelated stereograms. Percept. 27, 1367–1377, https://doi.
org/10.1068/p271367 (1998).
 33. Allison, R. S. & Howard, I. P. Temporal dependencies in resolving monocular and binocular cue conlict in slant perception. Vis. Res. 
40, 1869–1885, https://doi.org/10.1016/s0042-6989(00)00034-1 (2000).
 34. Nefs, H. T. & Harris, J. M. What visual information is used for stereoscopic depth displacement discrimination? Percept. 39, 727–744 
(2010).
 35. Cumming, B. G. & Parker, A. J. Responses of primary visual cortical neurons to binocular disparity without depth perception. Nat. 
389, 280–283, https://doi.org/10.1038/38487 (1997).
 36. Neri, P., Parker, A. J. & Blakemore, C. Probing the human stereoscopic system with reverse correlation. Nat. 401, 695–698, https://
doi.org/10.1038/44409 (1999).
 37. Ohzawa, I., DeAngelis, G. C. & Freeman, R. D. Stereoscopic depth discrimination in the visual cortex: neurons ideally suited as 
disparity detectors. Sci. 249, 1037–1041 (1990).
 38. Allison, R., Howard, I. & Howard, A. Motion in depth can be elicited by dichoptically uncorrelated textures. Percept. ECVP abstract 
27, 46 (1998).
 39. Busettini, C., Fitzgibbon, E. J. & Miles, F. A. Short-latency disparity vergence in humans. J. Neurophysiol. 85, 1129–1152 (2001).
 40. Semmlow, J., Hung, G. & Ciufreda, K. Quantitative assessment of disparity vergence components. Investig. Ophthalmol. & Vis. Sci. 
27, 558–564 (1986).
 41. Giesel, M., Wade, A. R., Bloj, M. & Harris, J. M. Investigating human visual sensitivity to binocular motion-in-depth for anti- and 
de-correlated random-dot stimuli. Vis. 2, http://www.mdpi.com/2411-5150/2/4/41, https://doi.org/10.3390/vision2040041 (2018).
 42. Erkelens, C. J. & Collewijn, H. Motion perception during dichoptic viewing of moving random-dot stereograms. Vis. Res. 25, 
583–588 (1985).
 43. Erkelens, C. J. & Collewijn, H. Eye movements and stereopsis during dichoptic viewing of moving random-dot stereograms. Vis. Res. 
25, 1689–1700 (1985).
 44. Barlow, H. B., Blakemore, C. & Pettigrew, J. D. he neural mechanism of binocular depth discrimination. he J. Physiol. 193, 327–342 
(1967).
1 4SCIENTIFIC REPORTS |         (2019) 9:17412  | ǣȀȀǤȀ ? ?Ǥ ? ? ? ?Ȁ ? ? ? ? ?Ǧ ? ? ?Ǧ ? ? ? ? ?Ǧ
www.nature.com/scientificreportswww.nature.com/scientificreports/
 45. Maloney, R. T. et al. Mapping the temporal and neural properties of binocular mechanisms for motion-in-depth perception. In 
Perception, vol. 45, 201–201 (sage publications ltd 1 olivers yard, 55 city road, london ec1y 1sp, england, 2016).
 46. Westheimer, G. & Mitchell, A. M. Eye movement responses to convergence stimuli. A.M.A. Arch. Ophthalmol. 55, 848–856 (1956).
 47. Mitchell, D. E. Properties of stimuli eliciting vergence eye movements and stereopsis. Vis. Res. 10, 145–162 (1970).
 48. Cumming, B. G. & Judge, S. J. Disparity-induced and blur-induced convergence eye movement and accommodation in the monkey. 
J. Neurophysiol. 55, 896–914 (1986).
 49. Erkelens, C. & Collewijn, H. Control of vergence: gating among disparity inputs by voluntary target selection. Exp. Brain Res. 87, 
671–678 (1991).
 50. Allison, R. S., Howard, I. P., Harris, L. & Jenkin, M. Stereoscopic motion in depth. Vis. 3D environments 163–186 (2011).
 51. Howard, I., Allison, R. & Howard, A. Depth from moving uncorrelated random dot displays. Investig. Ophthalmol. Vis. Sci. 31, 669 
(1998).
 52. Harris, J. M. he interaction of eye movements and retinal signals during the perception of 3-d motion direction. J. Vis. 6, 777–790, 
https://doi.org/10.1167/6.8.2 (2006).
 53. Nefs, H. T. & Harris, J. M. Vergence efects on the perception of motion-in-depth. Exp. Brain Res. 183, 313–322, https://doi.
org/10.1007/s00221-007-1046-5 (2007).
 54. he MathWorks Inc. Matlab (R2014b).
 55. Brainard, D. H. he psychophysics toolbox. Spatial Vis. 10, 433–436 (1997).
 56. Kleiner, M., Brainard, D. & Pelli, D. What’s new in psychtoolbox-3. Percept. 36 ECVP Abstract Supplement, 1 (2007).
 57. Pelli, D. G. he videotoolbox sotware for visual psychophysics: Transforming numbers into movies. Spatial Vis. 10, 437–442 (1997).
 58. Cornelissen, F. W., Peters, E. M. & Palmer, J. he eyelink toolbox: Eye tracking with MATLAB and the Psychophysics Toolbox. Behav. 
Res. Methods 34, 613–617 (2002).
Acknowledgements
Supported by NIH EY018875 (AMN), BBSRC grants BB/M001660/1 (JH), BB/M002543/1 (AW), and BB/
MM001210/1 (MB). he authors thank Max Wilson for help with data collection.
Author contributions
J.H., M.G., A.N., M.B. & A.W. conceived the experiment(s), J.H., M.G. & A.N. designed the analysis, A.Y. & M.G. 
coded the experiment and analysis, M.G. conducted the experiment(s), M.G. analysed the results. All authors 
reviewed the manuscript before submission.
Competing interests
he authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-53902-y.
Correspondence and requests for materials should be addressed to M.G.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional ailiations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. he images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© he Author(s) 2019
